Cyanobacterial NADPH dehydrogenase (NDH-1) complexes are localized in the thylakoid membrane (Ohkawa et al., 2001 (Ohkawa et al., , 2002 Zhang et al., 2004; Xu et al., 2008; Battchikova et al., 2011b) and participate in a variety of bioenergetic reactions, such as respiration, cyclic electron transport around photosystem I (NDH-CET), and CO 2 uptake (Ogawa, 1991; Mi et al., 1992; Ohkawa et al., 2000) . Structurally, the cyanobacterial NDH-1 complexes closely resemble energy-converting complex I in eubacteria and the mitochondrial respiratory chain regardless of the absence of homologs of three subunits in cyanobacterial genomes that constitute the catalytically active core of complex I (Friedrich et al., 1995; Friedrich and Scheide, 2000; Arteni et al., 2006) . Over the past decade, new subunits of NDH-1 complexes specific to oxygenic photosynthesis have been identified in several cyanobacterial strains. They are NdhM to NdhQ and NdhS (Prommeenate et al., 2004; Battchikova et al., 2005 Battchikova et al., , 2011b Nowaczyk et al., 2011; Wulfhorst et al., 2014; Zhang et al., 2014; Zhao et al., 2014b Zhao et al., , 2015 , in addition to NdhL first identified in the cyanobacterium Synechocystis sp. strain PCC 6803 (hereafter Synechocystis 6803) about 20 years ago (Ogawa, 1992) . Among them, NdhS possesses a ferredoxin (Fd)-binding motif and was shown to bind Fd, which suggested that Fd is one of the electron donors to NDH-1 complexes (Mi et al., 1995; Battchikova et al., 2011b; Ma and Ogawa, 2015) . Deletion of NdhS strongly reduced the activity of NDH-CET but had no effect on respiration and CO 2 uptake (Battchikova et al., 2011b; Ma and Ogawa, 2015) . The NDH-CET plays an important role in coping with various environmental stresses regardless of its elusive mechanism. For example, this function can greatly alleviate heat-sensitive growth phenotypes (Wang et al., 2006a; Zhao et al., 2014a) . Thus, heat treatment strategy can help in identifying the proteins essential to NDH-CET.
Here, a new oxygenic photosynthesis-specific (OPS) subunit NdhV was identified in Synechocystis 6803 with the help of heat treatment strategy, and its deletion did not influence the assembly of NDH-1L and NDH-1MS complexes and the activities of CO 2 uptake and respiration but impaired the NDH-CET activity. We give evidence that NdhV interacts with NdhS and is another component of Fd-binding domain of cyanobacterial NDH-1 complex. A possible role of NdhV on the NDH-CET activity is discussed.
RESULTS

Isolation of NDH-CET-Defective Mutants
The NDH-CET has a protective role against heat stress in cyanobacteria (Zhao et al., 2014a ) and higher plants (Wang et al., 2006a) . Under high temperature conditions, therefore, the growth of NDH-CET-defective mutants is markedly retarded compared with the wild type despite similar growth under growth temperature. To screen for NDH-CET-defective mutants, we transformed wild-type cells with a transposon-bearing library, thus tagging and inactivating many genes randomly, and then cultured the mutant cells under high temperature conditions. We isolated two mutants, which grew slowly in the 96-well plates under high temperature but grew similarly to the wild type under growth temperature (Fig. 1A) .
To investigate whether the high temperature-sensitive growth phenotype of the two mutants resulted from defective NDH-CET, we monitored the postillumination rise in chlorophyll (Chl) fluorescence. This approach has been extensively used to monitor NDH-CET activity in cyanobacteria (Mi et al., 1995; Deng et al., 2003a; Ma and Mi, 2005; Battchikova et al., 2011b; Dai et al., 2013; Zhang et al., 2014; Zhao et al., 2014b Zhao et al., , 2015 and higher plants (Burrows et al., 1998; Shikanai et al., 1998; Hashimoto et al., 2003; Wang et al., 2006b; Peng et al., 2009 Peng et al., , 2011a Peng et al., , 2012 Sirpiö et al., 2009; Yamamoto et al., 2011; Armbruster et al., 2013) . As shown in Figure 1B , the NDH-CET activity in both mutants was lower than that in the wild type as judged by the height and relative rate of postillumination increase in Chl fluorescence. The results indicate that NDH-CET is affected in mutants 1 and 2.
To identify the genes inactivated by transposon tagging, we analyzed the sites of transposon insertion in both mutants. Sequencing analysis of the kanamycin resistance marker (Kam R ) insertion region revealed that both mutants were tagged in a gene, sll0272 (Fig. 1C) , at position 2104651 of the Synechocystis 6803 genome (NCBI-GI: 16331085; Kaneko et al., 1996) . The gene encodes a highly hydrophilic protein (Supplemental Fig. S1 ) of 141 amino acids having an uncharacterized domain (DUF2996; Supplemental Fig. S2 ), which was highly homologous to NdhV (Supplemental Fig. S2 ) identified in Arabidopsis (Arabidopsis thaliana) using bioinformatic and reverse genetic approaches (Fan et al., 2015) . This implies that inactivation of ndhV impairs NDH-CET activity.
Deletion of ndhV Impairs NDH-CET Activity
To confirm that inactivation of ndhV impairs NDH-CET activity, we replaced the majority of the ndhV coding region with a spectinomycin resistance marker (Sp R ; Fig. 2A ). PCR analysis of the ndhV locus confirmed a complete segregation of the ΔndhV mutant allele (Fig. 2B) . Western analysis using an antibody specifically prepared against NdhV (see "Materials and Methods") demonstrated absence of the gene product in the mutant (Fig. 2C ). As expected, the NDH-CET activity, as measured by the postillumination increase in Chl fluorescence, was lower in ΔndhV than in the wild type. However, the activity remained relatively high compared with the M55 mutant (Fig. 2D) . A similar result was obtained by measuring the oxidation of P700 by far-red (FR) light after actinic light (AL) illumination. When AL was turned off after 30-s illumination by AL (800 mmol photons m 2 2 s 2 1 ) supplemented with FR light, P700 + was transiently reduced by electrons from the plastoquinone pool, and subsequently P700 was reoxidized by background FR. Operation of the NDH-1 complexes, which transfer electrons from the reduced cytoplasmic pool to plastoquinone, hinders the reoxidation of P700 (Shikanai et al., 1998; Battchikova et al., 2011b; Dai et al., 2013; Zhang et al., 2014; Zhao et al., 2014b Zhao et al., , 2015 . The reoxidation of P700 was evidently faster in ΔndhV compared with the wild type but was much slower than in M55 Table S1 . (Fig. 2E) . We also measured the NDH-CET by monitoring the reduction rate of P700 + in darkness after illumination of cells with FR light. The rereduction of P700 + was markedly slower in ΔndhV compared with that in the wild type, although it was still faster than in M55 (Fig. 2F) . Furthermore, the growth of ΔndhV under heat stress conditions was evidently slower than the wild type despite similar growth under growth temperature (Supplemental Fig. S3 ). Taking these results together, we conclude that deletion of ndhV impairs the NDH-CET activity.
NdhV Has Similar Properties to NdhS
To reveal the function of NdhV further, we examined the effects of deletion of ndhV on the activities of CO 2 uptake and respiration. Deletion of ndhV did not have any effect on the growth of the mutant under either high or air level of CO 2 at pH 6.5 (Fig. 3) . The deletion also did not influence the respiration activity ( Fig. 4A ) and the growth on plates with or without Glc and 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU; Fig.   4B ). It is evident that the NdhV subunit is not involved in CO 2 uptake and respiration, regardless of the involvement of this subunit in NDH-CET.
To understand the function of NdhV, thylakoid membranes of the wild-type, ΔndhV, and M55 strains grown under 2% (v/v) CO 2 ( Fig. 5) and those of the wild-type and ΔndhV strains grown under air (Supplemental Fig. S4 ) were subjected to blue native (BN)-PAGE. Deletion of ndhV did not influence the abundance of total NDH-1 (Fig. 5A ), nor did it influence the assembly of NDH-1L and NDH-1MS complexes (Fig. 5 , B and C; Supplemental Fig. S4 , A-C), which are involved in respiration and CO 2 uptake, respectively (Zhang et al., 2004) . This explains why NdhV does not participate in CO 2 uptake and respiration, although how deletion of ndhV impairs NDH-CET activity still remains elusive. However, we found that the roles of NdhV on the expression, assembly, and activity of NDH-1 complex are very similar to those of NdhS, a Fdbinding subunit of NDH-1 complex, as observed in this study Supplemental Fig. S4 ) and in the previous studies (Battchikova et al., 2011b; Ma and Ogawa, 2015) . These similar properties of NdhV with NdhS Figure 2 . Deletion of ndhV gene and its effect on NDH-CET. A, Construction of plasmid used to generate ndhV inactivation mutant (ΔndhV). B, PCR segregation analysis of the ΔndhV mutant using the ndhV-E and ndhV-F primers (Supplemental Table S1 ). C, Western analysis of NdhV from total protein of the wild-type (WT) and ΔndhV strains. Total protein corresponding to 1 mg Chl a was loaded onto each lane, and ATPb was detected as a loading control. D, Monitoring of NDH-CETactivity by Chl fluorescence. Experimental procedure as in Figure 1 . a.u., Arbitrary units. E, Redox kinetics of P700 after termination of AL illumination (800 mmol photons m 22 s 21 for 30 s) under a background of FR light. The cells were illuminated by AL supplemented with FR light to store electrons in the cytoplasmic pool. After termination of AL illumination, P700 + was transiently reduced by electrons from the plastoquinone pool; thereafter, P700 was reoxidized by background FR light. The redox kinetics of P700 were recorded. The P700 + levels were standardized by their maximum levels attained by exposure to FR light. F, Kinetics of the P700 + rereduction in darkness after turning off FR light in the presence of 10 mM DCMU. The Chl a concentration was adjusted to 20 mg mL 21 before measurement, and curves are normalized to the maximal signal.
strongly suggest that NdhV may influence NDH-CET activity via NdhS.
NdhV Interacts with NdhS
To test this possibility, we determined the interaction of NdhV with NdhS by using a yeast two-hybrid system. The results clearly showed the interaction of NdhV with NdhS (Fig. 6A) . The interaction was reinforced by the results of GST pull-down (Fig. 6 , B and C). Therefore, we can conclude that NdhV interacts with NdhS, which greatly consolidated this possibility that NdhV is involved in NDH-CET via NdhS.
Stabilization of NdhV Requires NdhS
To obtain insights into how NdhV influenced NDH-CET via NdhS, we analyzed the amount of NdhV accumulated in the thylakoid membranes from the wild-type and ΔndhS strains. Deletion of ndhS resulted in a complete absence of NdhV in the thylakoid membranes (Fig. 7A ), but the deletion did not influence the transcript levels of ndhV (Supplemental Fig. S5 ). Conversely, deletion of ndhV did not influence the amount of NdhS in the thylakoid membranes (Fig. 7B) . Based on the above results, we may conclude that NdhV is involved in stabilizing the binding of NdhS with reduced Fd in Synechocystis 6803 as schematically represented in Figure 8 and its absence destabilizes the binding, thereby impairing the NDH-CET activity.
DISCUSSION
Over the past decade, a significant achievement has been made in identifying the composition and function of OPS subunits from the NDH-1 complex in cyanobacteria (for review, see Battchikova and Aro, 2007; Ogawa and Mi, 2007; Ma, 2009; Battchikova et al., 2011a; Ma and Ogawa, 2015) and higher plants (for review, see Suorsa et al., 2009; Ifuku et al., 2011; Peng et al., 2011b) . In this study, we newly identified an OPS subunit NdhV in the cyanobacterium Synechocystis 6803, which interacts with another OPS subunit NdhS having Fd-binding motif. Deletion of ndhV did not influence the abundance of total NDH-1, the assembly of NDH-1L and NDH-1MS complexes, and the activities of CO 2 uptake and respiration but reduced the NDH-CET activity, similar to the results of DndhS mutant observed in this study and in previous studies (Battchikova et al., 2011b; Ma and Ogawa, 2015) . These similar properties of NdhV with NdhS and their interaction strongly suggested that just like NdhS, NdhV is also localized in Fd-binding domain of NDH-1 complex. In higher plants, deletion of ndhV partially collapsed the assembly of hydrophilic arm and Fd-binding domains of chloroplast NDH-1, but no interaction was detected between NdhV and the subunits of these two domains (Fan et al., 2015) . Thus, localization of NdhV in the chloroplast NDH-1 complex still remains elusive. By contrast, in cyanobacteria, deletion of ndhV did not influence the assembly of NDH-1L and NDH-1MS complexes, but NdhV interacts with NdhS in Fdbinding domain of NDH-1 complex. The results of this study further showed that deletion of ndhS completely abolished NdhV, but deletion of ndhV had no effect on the amount of NdhS. Together, these results strongly suggest that in Fd-binding domain of cyanobacterial NDH-1 complex, NdhV is localized at the surface of NdhS, as schematically represented in Figure 8 . In addition, the topography of NdhV in cyanobacterial NDH-1 complex (see Fig. 8 ) suggests that NdhV may also interact directly with NdhI and/or NdhJ.
In higher plants, chloroplast NDH-1 complex was proposed to accept exclusively electrons from Fd, and NdhS was suggested to be a Fd-binding subunit of the complex based on the overall spatial homology of NdhS with the PsaE subunit of PSI complex (Yamamoto et al., 2011; Yamamoto and Shikanai, 2013) . Because of a high homology of NdhS in cyanobacterial and chloroplastic NDH-1, cyanobacterial NdhS may also be a Fd-binding subunit of NDH-1 complex (Fig. 8) . This possibility was supported by the interaction of NdhS with Fd (He et al., 2015) . The results of this study further suggested that NdhV may be essential to stabilize the binding of NdhS with Fd based on the following reasons: (1) NdhV interacts with NdhS; (2) deletion of ndhV had no effect on the amount of NdhS, but the deletion reduced the NDH-CET activity; and (3) reduction of NDH-CET activity was more significant in DndhS than in DndhV as deduced from the results of this study and a previous study (Battchikova et al., 2011b) . We therefore propose that in cyanobacteria, NdhV cooperates with NdhS to form a functional structure of Fd-binding domain included in NDH-1 complex, as schematically represented in Figure 8 .
In higher plants, NdhT and NdhU were proposed to localize in Fd-binding domain of chloroplast NDH-1 complex and were suggested to cooperate with NdhS to accept electrons from reduced Fd (Yamamoto et al., 2011; Figure 5 . Western analyses of NDH-1L and NDH-1M complexes from the wild-type (WT), ΔndhV, ΔndhS, and M55 strains. A, Immunodetection of Ndh subunits in thylakoid membranes from the wild-type (including indicated serial dilutions), ΔndhV, ΔndhS, and M55 mutants. Immunoblotting was performed using antibodies against hydrophilic Ndh subunits (NdhH, NdhI, NdhK, and NdhM). Lanes were loaded with thylakoid membrane proteins corresponding to 1 mg Chl a. ATPb was used as a loading control. B, Thylakoid protein complexes isolated from the wild type and mutants were separated by BN-PAGE. Thylakoid membrane extract corresponding to 9 mg Chl a was loaded onto each lane. Red and blue arrows indicate the positions of the NDH-1L and NDH-1M complexes, respectively. C, Protein complexes were electroblotted to a polyvinylidene difluoride membrane, and the membrane was cross-reacted with anti-NdhH, -NdhI, -NdhK, and -NdhM to probe the assembly of the NDH-1L and NDH-1M complexes. Figure 6 . Interaction of NdhV with NdhS. A, NdhV and NdhS were separately constructed into bait and prey vectors and transformed into the yeast strain EGY48. Transformed yeast was diluted and dropped onto SD media, Leu-negative (2Leu) SD media, or X-gal media. The interactions of NdhO-NdhI and NdhV-NdhB were assayed as positive and negative controls, respectively. B and C, The expressed proteins were mixed and incubated with GST beads on a rotating shaker at 4˚C overnight. After washing, the interactions of GST-NdhV with His-NdhS (B) and GST-NdhS with His-NdhV (C) were detected using the antibodies against NdhS and NdhV, respectively. The interactions of GST (without NdhV or NdhS) with His-NdhS or His-NdhV and of pET32a vector backbone with GST-NdhV or GST-NdhS were used as negative controls. Yamamoto and Shikanai, 2013) . However, the counterparts of NdhT and NdhU are absent in cyanobacteria. Therefore, it appears plausible that except NdhV and NdhS, new OPS subunits, not yet identified, also exist in Fd-binding domain structure of cyanobacterial NDH-1 complex.
In addition to Fd, NADPH has suggested to be another electron donor to NDH-1 in cyanobacteria (Mi et al., 1995; Matsuo et al., 1998; Deng et al., 2003a Deng et al., , 2003b Ma et al., 2006; Ma and Mi, 2008; Hu et al., 2013; Ma and Ogawa, 2015) . Electron donation from Fd to NDH-1 may contribute mainly to NDH-CET and NADPH may donate principally to CO 2 uptake and respiration, since deletion of NdhV or NdhS significantly impaired NDH-CET but did not influence CO 2 uptake and respiration as indicated by the results of this study and previous studies (Battchikova et al., 2011b; Ma and Ogawa, 2015) . Consequently, it is possible that deletion of other new members of Fdbinding domain structure of cyanobacterial NDH-1 complex except NdhV and NdhS, not yet identified, also impaired NDH-CET significantly but had no effect on CO 2 uptake and respiration.
MATERIALS AND METHODS
Culture Conditions
Glc-tolerant strain of wild-type Synechocystis 6803 and its mutants, ΔndhS (Battchikova et al., 2011b) , ΔndhV, ΔndhB (M55; Ogawa, 1991) , ΔndhD3/D4 (ΔD3/D4; Ohkawa et al., 2000) , and ΔndhQ (Zhao et al., 2015) , were cultured at 30°C or 42°C in BG-11 medium (Allen, 1968) buffered with either Tris-HCl (5 mM, pH 8.0) or MES-KOH (20 mM, pH 6.5) by bubbling with 2% (v/v) CO 2 in air or air alone. Solid medium was BG-11 supplemented with 1.5% (w/v) agar. The mutant strains were grown in the presence of appropriate antibiotics under illumination by fluorescence lamps at 40 mmol photons m 22 s 21 .
Isolation and Construction of Mutants
A cosmid library of Synechocystis 6803 genome was constructed. The library that contained 10 5 clones with inserts of 35 to 38.5 kb was subjected to in vitro transposon mutagenesis using EZ-Tn5 , KAN-2 . Insertion Kit (Epicentre Biotechnologies) and then used to transform the wild-type cells of Synechocystis 6803. Following transformation, cells were spread on 1.5% (w/v) BG-11 agar plates supplemented with 5 mg mL 21 kanamycin, and Kam R mutants that grew slowly under heat stress conditions but normally under growth temperature were isolated. Genomic DNA isolated from each mutant was digested with HhaI and after self-ligation was used as a template for inverse PCR with primers (Supplemental Table S1 ) complementary to the N-and C-terminal regions of the Kam R cassette. The exact position of the cassette in the mutant genome was determined by sequencing the PCR product. The ndhV gene with flanking sequences was amplified by PCR using primers ndhV-A and -B (Supplemental Table S1 ) and was ligated into the pEASY-Blunt Zero vector (TransGen Biotech) to generate pEASY-Blunt ZerondhV plasmid. A DNA fragment encoding spectinomycin resistance (Sp R ) cassette was also amplified by PCR creating EcoRI and XbaI sites using primers ndhV-C and -D (Supplemental Table S1 ) and was inserted into the ndhV gene at XbaI and EcoRI sites to generate the pEASY-Blunt Zero-DndhV plasmid ( Fig.  2A) , which was used to transform the wild-type cells to generate the ΔndhV mutant. The transformants were spread on agar plates containing BG-11 medium and spectinomycin (10 mg mL 21 ) buffered at pH 8.0, and the plates were incubated in 2% (v/v) CO 2 in air under illumination by fluorescent lamps at 40 mmol photons m 22 s 21 (Williams and Szalay, 1983; Long et al., 2011) . The mutated ndhV in the transformants was segregated to homogeneity (by successive-streak purification) as determined by PCR amplification and western analysis (Fig. 2, B and C).
Chl Fluorescence and P700 Analysis
The transient increase in Chl fluorescence after actinic light had been turned off was monitored as described (Ma and Mi, 2005) . The redox kinetics of P700 was measured according to previously described methods (Battchikova et al., 2011b; Dai et al., 2013; Zhang et al., 2014; Zhao et al., 2014b Zhao et al., , 2015 . The rereduction of P700 + in darkness was measured with a Dual-PAM-100 (Walz) with an emitter-detector unit ED-101US/MD by monitoring absorbance changes at 830 nm and using 875 nm as a reference. Cells were kept in the dark for 2 min and 10 mM DCMU was added to the cultures prior to the measurement. The P700 was oxidized by FR light with a maximum at 720 nm from LED lamp for 30 s, and the subsequent rereduction of P700 + in the dark was monitored.
Growth Curve
The cell density of wild-type, ΔndhV, ΔndhS, and ΔD3/D4 cells cultured under pH 6.5 and 2% (v/v) CO 2 in air or air alone was determined every 12 h by measuring the A 730 nm using a spectrophotometer (UV3000; Shimadzu).
Wild-type, ΔndhV, ΔndhS, and ΔD3/D4 cells (1.5 mL) were collected by centrifugation, and pigments in the pellet were extracted by 1.5 mL methyl alcohol. Chl a in the extract was determined using a spectrophotometer (UV3000; Shimadzu) and was calculated according to the formula: Chl a (mg mL 21 ) = 13.9 3 A 665 (Arnon, 1949) .
Dark Respiration
Oxygen uptake was measured at 30°C (Hansatech) with a Clark-type oxygen electrode according to the method of Ma and Mi (2005) . Cells were suspended in fresh BG-11 medium at a Chl a concentration of 10 mg mL 21 . 
Isolation of Crude Thylakoid Membranes
The cell cultures (5 L) were harvested at the logarithmic phase (A 730 = 0.6-0.8) and washed twice by 50 mL of fresh BG-11 medium and then thylakoid membranes were isolated according to Gombos et al. (1994) with some modifications as follows. Cells were suspended in 5 mL of disruption buffer (10 mM HEPES-NaOH, 5 mM sodium phosphate, pH 7.5, 10 mM MgCl 2 , 10 mM NaCl, and 25% [v/v] glycerol) and after adding zirconia/silica beads, broken by vortexing 20 times at the highest speed for 30 s at 4°C with 5 min cooling on ice between the runs. The crude extract was centrifuged at 5,000g for 5 min to remove the glass beads and unbroken cells. By further centrifugation at 20,000g for 30 min, we obtained crude thylakoid membranes from the precipitation.
Electrophoresis and Immunoblotting
BN-PAGE of Synechocystis 6803 membranes was performed as described previously (Kügler et al., 1997) with slight modifications (Battchikova et al., 2011b; Dai et al., 2013; Zhang et al., 2014; Zhao et al., 2014b Zhao et al., , 2015 . Isolated membranes were prepared for BN-PAGE as follows. Membranes were washed with 330 mM sorbitol, 50 mM Bis-Tris, pH 7.0, and 0.5 mM phenylmethylsulfonyl fluoride (Sigma), and resuspended in 20% (w/v) glycerol, 25 mM Bis-Tris, pH 7.0, 10 mM MgCl 2 , 0.1 units RNase-free DNase RQ1 (Promega) at a Chl a concentration of 0.3 mg mL
21
, and 0.5 mM phenylmethylsulfonyl fluoride. The samples were incubated on ice for 10 min, and an equal volume of 3% (w/v) n-dodecyl-b-D-maltoside was added. Solubilization was performed for 40 min on ice. Insoluble components were removed by centrifugation at 18,000g for 15 min. The collected supernatant was mixed with 1/10 volume of sample buffer, 5% (w/v) Serva Blue G, 100 mM Bis-Tris, pH 7.0, 30% (w/v) Suc, 500 mM «-amino-n-caproic acid, and 10 mM EDTA. Solubilized membranes were then applied to a 0.75-mm-thick, 5% to 12.5% (w/v) acrylamide gradient gel (Hoefer Mighty Small mini-vertical unit). Samples were loaded on an equal Chl a basis per lane. Electrophoresis was performed at 4°C by increasing the voltage gradually from 50 V up to 200 V during the 5.5-h run.
SDS-PAGE of Synechocystis 6803 crude thylakoid membranes was carried out on 12% (w/v) polyacrylamide gel with 6 M urea as described earlier (Laemmli, 1970) .
For immunoblotting, the proteins were electrotransferred to a polyvinylidene difluoride membrane (Immobilon-P; Millipore) and detected by protein-specific antibodies using an ECL assay kit (Amersham Pharmacia) according to the manufacturer's protocol. Antibody against NdhV subunit (the Sll0272 protein) of Synechocystis 6803 was raised in our laboratory. To amplify the sll0272 gene, primer sequences were designed and are listed in Supplemental Table S1 . The PCR products were ligated into vector pET32a, and the construct was amplified in Escherichia coli DH-5a. The plasmid was used to transform E. coli strain BL21(DE3)pLysS for expression. The gene expression products from E. coli were purified and used as antigens to immunize rabbits to produce polyclonal antibodies. Antibodies against NdhH, NdhI, NdhK, NdhM, NdhS, and ATPb proteins of Synechocystis 6803 were previously raised in our laboratory (Ma and Mi, 2005; Battchikova et al., 2011b; Zhao et al., 2014b) . Antibody against GST was purchased from Shanghai Immune Biotech, and antibody against NdhD3 was provided from Professor Eva-Mari Aro (Department of Biochemistry, University of Turku).
Yeast Two-Hybridization
Yeast two-hybridization was performed using a LexA system (Clontech). The PCR-amplified gene fragment of ndhO or ndhV was cloned in frame into EcoRI and XhoI or XhoI sites of pLexA, respectively, to form the bait construct (primers are shown in Supplemental Table S1 ). The fragments containing ndhB, ndhI, and ndhS genes were amplified by PCR, and inserted into either XhoI or EcoRI and XhoI sites of pJG4-5 to form the prey construct (primers are shown in Supplemental Table  S1 ). The bait and prey constructs together with a reporter vector pSH18-34 were cotransformed into yeast strain EGY48 according to the manufacturer's instructions for the Matchmaker LexA two-hybrid system (Clontech). Transformed yeast was diluted and dropped onto synthetic dropout (SD) medium, Leu-negative (2Leu) SD medium, or X-gal medium, then grown at 30°C in darkness as described previously (Sun et al., 2009; Dai et al., 2013) .
Expression and Purification of Fusion Proteins
The target proteins NdhV and NdhS were fused to different tags as follows.
(1) The fragments containing ndhV and ndhS genes were amplified by PCR, and inserted between BamHI and SacI or BamHI and EcoRI sites of pET32a, respectively, to form the His-tagged fusion protein constructs (primers are shown in Supplemental Table S1 ). (2) PCR-amplified ndhV or ndhS gene was cloned correspondingly in-frame into XhoI or EcoRI and XhoI sites of pGEX-5X-1 to form the GST-tagged fusion protein constructs (primers are shown in Supplemental Table S1 ). Subsequently, these constructs were transformed into E. coli strain BL21(DE3)pLysS and induced by 1 mM isopropyl-b-Dthiogalactoside for 16 h at 16°C to express His-and GST-tagged fusion proteins. These fusion proteins were purified at 4°C using Ni column (GE Healthcare) and glutathione Sepharose 4B (GE Healthcare), respectively, according to the manufacturer's instructions.
GST Pull-Down Assay
The GST pull-down assay was performed as described previously (Zhao et al., 2014b) with some modifications. To test the interaction of NdhV with NdhS, an equal amount of GST and GST-NdhV or GST-NdhS was separately incubated with 20 mL of glutathione Sepharose 4B beads (GE Healthcare) in 300 mL of binding buffer (50 mM Tris-HCl, pH 7.4, 100 mM NaCl, 5 mM EDTA, 0.5% [v/v] Triton X-100, 1 mM phenylmethanesulfonyl fluoride, and 1 mM DTT) at 4°C for 1 h. The beads were washed three times with 1 mL of binding buffer, and then an equal amount of His and His-NdhS or His-NdhV was separately added and incubated in a 300-mL reaction system on a rotating shaker at 4°C overnight. After the overnight incubation, the beads were pelleted by centrifugation and washed four times with the ice-cold binding buffer described above. The washed pellets were resuspended in 30 mL of 13 SDS (2% [w/v]) loading buffer and then boiled for 5 min. After centrifugation, the supernatant was collected and subjected to immunoblotting analysis.
RNA Extraction and Reverse Transcription PCR Analysis
Total RNA was isolated and analyzed as described previously (McGinn et al., 2003) . Reverse transcription PCR (RT-PCR) was performed using the Access RT-PCR system (Promega) to generate products corresponding to ndhV and 16 S rRNA, with 0.5 mg of DNase-treated total RNA as starting material. RT-PCR conditions were 95°C for 5 min, followed by cycles of 95°C, 62°C, and 72°C for 30 s each. The reactions were stopped after 20 or 30 cycles for 16 S rRNA and after 30 or 40 cycles for ndhV. The primers used are summarized in Supplemental Table S1 .
Sequence data from this article can be found in the GenBank/EMBL data libraries under accession numbers Sll0272 (NP_441813.1) and Ssl0352 (NP_442353.1).
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